OBJECTIVE -Both short and long sleep duration have frequently been found to be associated with an increased risk for diabetes. The aim of the present exploratory analysis was to examine the association between sleep duration and type 2 diabetes after lifestyle intervention in overweight individuals with impaired glucose tolerance in a 7-year prospective follow-up.
I
t has become increasingly evident that abnormal sleep patterns, such as short and long sleep durations, are associated with increased morbidity and mortality (1) . The relationship between increased risk for type 2 diabetes and either short or long sleep has frequently been demonstrated in both men and women (2) (3) (4) . The underlying mechanisms are still largely unknown. In an experimental study, sleep deprivation has been shown to have harmful effects on metabolic and endocrine functions (5) . However, there are no plausible physiological or psychosocial explanations for the association between long sleep and diabetes. In fact, some studies have observed a stronger association between habitual long sleep and diabetes than that for short sleep (2, 3) . There is no evidence or consensus whether the relationship between long sleep and diabetes is causal or simply reflects confounding by other underlying factors that affect sleeping habits. However, there is growing evidence that many of the hypothesized factors for long sleep are strongly associated with obesity and metabolic syndrome (6, 7) . The objective of the present exploratory analysis was to examine the effect of lifestyle intervention on the association between sleep duration and type 2 diabetes in individuals with impaired glucose tolerance (IGT) in the Finnish Diabetes Prevention Study (DPS) (8, 9) .
RESEARCH DESIGN AND
METHODS -This report is a substudy of a larger lifestyle intervention trial, in which 522 overweight individuals with IGT were randomly allocated to an intensive diet-exercise group (n ϭ 265) or a control group (n ϭ 257). At baseline, participants' mean Ϯ SD BMI was 31.1 Ϯ 4.5kg/m 2 and age was 55 Ϯ 7 years. There were no significant differences in clinical features between the two groups. More details on the study design can be found in previously published reports (8, 9) .
Lifestyle intervention
The participants in the intensive intervention group were given detailed, individualized counseling to achieve the lifestyle goals: 1) weight reduction Ն5%, 2) Ͻ30% of the daily energy intake from fat, 3) Ͻ10% of the daily energy intake from saturated fat, 4) fiber intake Ն15 g/1,000 kcal, and 5) moderately intense physical activity 30 min daily. The participants in the control group were given general oral and written advice about diet and exercise at baseline, but no specific individualized advice was offered to them. The intervention period lasted for a median of 4 years, after which a postintervention follow-up lasting for a median of 3 years was carried out (9) .
Sleep duration and anthropometric assessments
Before each annual examination, participants completed an activity diary covering all activities (divided into eight categories) during the past 24 h. Duration of activities was recorded to the nearest half hour. Time spent sleeping or resting in bed was considered as an individual's daily sleep duration. Measurements of height, weight, waist circumference, and blood pressure have been described in detail previously (8, 9) .
Assessment of dietary intake and physical activity
Study participants completed 3-day food records at the baseline and before each annual visit. The physical activity was calculated based on the LeisureTime Physical Activity questionnaire (10) . The details of both dietary intake and physical activity assessments and calculations can be found in earlier publications (8, 9) .
Blood sampling and laboratory measurements Blood was taken from the antecubital vein with the participant in a sitting position and allowed to clot at room temperature for 30 -60 min. After centrifugation at 8,000 -11,000g, sera were stored at Ϫ70°C for analyses although for logistic reasons, storage at Ϫ20°C was allowed for a maximum of 3 months. The annually measured biochemical parameters included an 75-g oral glucose tolerance test after 12 h of fasting in the morning with fasting and 2-h plasma glucose measurements. Diabetes was defined according to the World Health Organization 1985 criteria (11) . The diagnosis of diabetes had to be confirmed by a second oral glucose tolerance test. Serum concentrations of high-sensitivity C-reactive protein (CRP) were assessed by an immunonephelometric assay (Dade Behring, Marburg, Germany) (12) . Interleukin-6 (IL-6) concentrations in serum were determined by enzyme-linked immunosorbent assay using recombinant IL-6 and an antibody pair (Sanquin, Amsterdam, Netherlands) (12) .
Statistical methods
Sleep duration was grouped as Յ6.5 h, 7-8.5 h, 9 -9.5 h, and Ն10 h. Diabetes incidence per 100 person-years was calculated in each sleep duration group. The Cox proportional hazards model was used to compare the development of diabetes in different sleep duration categories. The average sleep duration for an adult in Finland is 7.5 h (13), and therefore the group 7-8.5 h was used as reference category. In a multivariate Cox model, the relationship between diabetes and sleep duration was further explored by taking into account possible confounding factors including 1) age, sex, study center, and BMI at baseline and 2) age, sex, BMI, study center, smoking, alcohol intake, hypertension medication, leisure-time physical activity at baseline, and 1-year change in body weight. The interaction between treatment group and sleep duration at baseline was tested to assess whether the intervention modified the relationship between sleep duration and diabetes incidence. In addition, the effect of treatment and sleep on diabetes was analyzed using the annual sleep duration assessments with the Cox proportional hazards regression model, treating the repeated measurements on sleep duration as a time-varying covariate. Analyses were done with the statistics package Stata (release 9.2, 2005; StataCorp, College Station, TX).
RESULTS -Age was directly associated with sleep duration in both treatment groups (Table 1 ). The patients with longer sleep duration were more likely to have a nap during the daytime and medication for hypertension; otherwise the treatment groups had no statistically significant differences in baseline characteristics between the different sleep duration groups. However, there was a tendency toward more frequent smoking, alcohol usage, and physical activity in long sleepers (Ն10 h) compared with other sleep duration groups.
Sleep duration at baseline was not significantly associated with body weight (Table 1) and did not predict weight change over 3 years (Table 2) . Neither were there significant differences in CRP or IL-6 levels at the follow-up visit between different sleep duration groups. The intervention resulted in parallel improvements in body weight, waist circumference, immune mediator levels, and insulin sensitivity over the follow-up in all of the sleep groups.
Small changes in the mean sleeping time during the follow-up were observed ( Table 2 ). The long sleepers (Ն10 h) in the control group slept even more, whereas the sleeping time was reduced in long sleepers in the intervention group. However, the changes were minor, and there was no significant shifting from one sleep duration group to another in either the control or intervention group. Over the 1-year follow-up, the proportion of long-sleeping participants (Ն10 h) taking a nap during the daytime decreased from 74% to a mere 30% with similar changes in both treatment groups. During the follow-up, the physical activity of long sleepers was significantly reduced in the control group only, but the interaction term indicates that the difference was nonsignificant between both treatment groups. The changes in diet based on food diaries in the intervention group were similar in different sleep duration groups.
A total of 182 participants developed diabetes during the follow-up (Table 3) . The interaction between treatment group and sleep duration at baseline was statistically significant (adjusted P ϭ 0.003). In the control group only, there was a statistically significant difference in diabetes incidence rates between the sleep duration groups (log-rank test P ϭ 0.001) (Fig. 1) . For the sleep duration groups 9 -9.5 and Ն10 h, the adjusted hazard ratios (HRs) were 2.29 (95% CI 1.38 -3.80) and 2.74 (1.67-4.50), respectively, compared with that in the reference group (7-8.5 h sleep) ( Table 3 ). In contrast, no significant differences in diabetes incidence among the sleep duration groups in the intervention group were seen. In the intervention group, the adjusted HRs were 1.10 (0.60 -2.01) and 0.73 (0.34 -1.56) for the sleep duration groups 9 -9.5 and Ն10 h, respectively, compared with that in the reference group (7-8.5 h sleep) ( Table 3) . A tendency toward an increased diabetes risk in individuals with short sleep (Յ6.5 h) was also observed (Table 3) . In a Cox model with the annually repeated sleep duration assessments included as timevarying covariates, the interaction term between treatment group and sleep duration was still statistically significant (adjusted P ϭ 0.028).
Daytime sleepiness, as measured by sleeping and resting in bed during the daytime (0900 -1900), predicted diabetes incidence in the control group but not in the intervention group (P interaction ϭ 0.001). However, when total sleep duration was simultaneously accounted for, daytime sleepiness was no longer associated with diabetes incidence in the control group (P ϭ 0.526).
CONCLUSIONS -In this post hoc analysis of the DPS, we detected a significant association between long sleep duration and incident type 2 diabetes in overweight individuals with IGT in a 7-year follow-up. However, the association was not observed in participants receiving individualized lifestyle intervention. The facts that 1) study participants with different sleep duration at baseline did not differ in anthropometric, metabolic, and immunological parameters and that 2) changes in these parameters were similar in both intervention and control groups suggest that the association between sleep duration and diabetes risk was independent of these factors.
Short sleep duration as a possible cause of diabetes incidence is plausible given results from experimental studies in healthy volunteers that have shown sleep restriction to result in glucose intolerance (5), which is a risk factor for the development of insulin resistance. In the present study, there was a tendency toward increased diabetes risk in individuals with short sleep, but it did not reach statistical significance compared with the reference group. This could be because there was a small number of participants with short sleep and thus inadequate statistical power to detect a difference or because the short sleep category was defined somewhat broadly (Յ6.5 h/night) and was not particularly short compared with the typically recommended sleep duration of 7-9/night.
Thus far, there is no compelling physiological evidence explaining the association between long sleeping time and increased morbidity and mortality. The link has been observed in epidemiological studies, based on questionnaires without objective sleep measurements. Therefore, whether long sleep represents an increase in actual sleeping time or just increased time in bed cannot be definitely determined. The main underlying causes proposed to potentially explain the relationship have been obstructive sleep apnea (OSA), depression, fatigue, low socioeconomic status, heart diseases, and inactivity (13) (14) (15) . Of these proposed factors, sleep-disordered breathing including OSA has been found to be independently associated with insulin resistance (16) . In overweight patients with OSA, lifestyle intervention with weight reduction has been found to be an effective treatment (17) . An earlier analysis of the DPS revealed that weight reduction also led to a significant improvement in insulin resistance in patients with IGT (18) . Altogether, characteristics of the long sleepers have been found to differ from those of short or normal sleepers, and these findings tend to support many of the proposed hypotheses (13, 14) . The long sleepers in our study were observed to be older and to take naps more frequently and were more likely to be receiving antihypertensive drug therapy than other participants. Antihypertensive drugs, particularly ␤-blockers, have been reported to have central nervous system ef- fects, resulting in tiredness, fatigue, and sleep disorders in some individuals (19) . In the present study, participants with long sleep were more likely to take naps during the daytime; a possible manifestation of daytime sleepiness known to be related with OSA. Over the follow-up period, less long-sleeping participants were observed to take a nap during the daytime; however, the change was equal between the treatment groups. In the intervention group, participants with longsleep at baseline tended to sleep less over follow-up and participants with short sleep at baseline tended to sleep longer, whereas the opposite occurred in the control group. However, the overall changes in sleep durations over the follow-up were relatively small. The interaction term between sleep duration and treatment was still statistically significant, indicating that the effect of intervention was different among the different sleep duration categories.
Many of the factors documented to be associated with long sleep duration are also associated with obesity and the metabolic syndrome (6, 7) . The association between long sleep duration and diabetes has been hypothesized to be due to the effects of proinflammatory cytokines, which have also been found to be elevated in sleep-disordered breathing, depression, and excessive sleepiness, the suggested confounding factors causing long sleep (7, 20, 21) . Furthermore, obesity itself is regarded as a chronic inflammatory condition. The elevated levels of proinflammatory cytokines have been considered to contribute to the increased sleep duration (21) . A previous report from the Finnish DPS demonstrated that systemic concentrations of immune mediators were associated with the progression of IGT to type 2 diabetes, and the prevention of type 2 diabetes by lifestyle changes was related to the decline in proinflammatory factors. This decline, on the other hand, was associated with increases in fiber intake and moderate to vigorous leisure time physical activity (12, 22) . We did not observe differences in CRP or IL-6 concentrations between the long sleep duration and the reference group at the baseline. The level of CRP was higher in both short and long sleepers compared with that in the reference group; however, the difference was not statistically significant. Neither were there any significant changes in CRP or IL-6 during the follow-up in the long sleep duration group compared with the reference group. In the DPS, all of the individuals belonged to a high-risk group with overweight and IGT and therefore do not represent a normal population cohort. Physical activity and dietary intake patterns were similar at the baseline among the different sleep duration strata, and the changes during the follow-up did not either differ among the strata groups. The assessment of sleep duration in our study was based on a self-reported activity questionnaire and not confirmed by objective measurements. Nevertheless, questionnaires have been found to be useful in assessing sleep duration (23) . The activity diary used in the present study covers all activities divided into eight categories, with one of those categories being sleeping or resting in bed (10) . Thus, unfortunately, it is not possible to separate them. However, in the present study the data collected on sleep duration was obtained for a 24-h period, including naps, a possible manifestation of daytime sleepiness. We have shown previously that lifestyle intervention was effective in lowering diabetes risk. The present analyses reveal that the effect of intervention was mainly limited to those with longer baseline sleep duration. Because we observed no interaction between sleep duration and group assignment on dietary and physical activity behavior intervention, this risk reduction apparently did not result from better adherence to intervention. In clinical work more attention should be paid to these conditions; along with visual detection of obesity, physicians may more effectively identify patients at high risk for diabetes with questions about the sleep quality and quantity.
Our results are in line with some previous reports suggesting that habitually long sleep may be a surrogate marker of a condition that is associated with an increased risk for type 2 diabetes (14) . It is likely that a number of factors exist to explain the statistical association between long sleep duration and diabetes. Whether all the factors correlate to each other is unclear, but most of them are commonly related to fatigue, inactivity, weight gain, and obesity. In summary, the present results suggest that some of the type 2 diabetes risk among overweight persons with IGT who also have long sleep duration may be ameliorated by weight reduction and an increase in physical activity and healthier diet.
